Exciting developments have occurred over the past two years in the technological status and production aspects of Stratified Charge Rotary Engines. A program is currently underway for the development, certification and production of a 400 HP aircraft engine in early 1990. The joint program is being conducted by John Deere's Rotary Engine Division and AVCO Lycoming Williamsport Division. The engine will offer to the General Aviation community Jet-A fuel capability at substantial cost savings, improved altitude capability and lower fuel consumption over turbine power plants. Application to fixed wing and rotary wing aircraft are planned.
Other stratified charge rotary engine development work in progress involves ground power units, airborne APU's, shipboard gensets and vehicular engines, supported by Deere production capabilities and DOD interests. Technology enablement efforts by NASA, aimed at highly advanced output and efficiency are in progress leading toward revolutionary engine capability for aircraft and other applications.
PURPOSE
The purpose of this paper is to examine background and recent developments with the Stratified Charge Rotary Engine, recognizing that near term production programs are underway. The engine will be available for wide spread application in the 1990's timeframe and will be available for consideration by the industry in a wide range of applications. Of note is the acquisition of the technology and rights to the engine by Deere & Co., from the Curtiss-Wright Corporation, in early 1984. Specific programs are reviewed involving basic development and research aimed at commercial and military applications. Capabilities of the Stratified Charge Rotary Engine are reviewed in terms of basic technology, sizing, performance and competition. Current interests over the 10-25000 kW range are described. Emphasis is placed on the path leading to ranking of the Stratified Charge Rotary Engine as the leading contender for advanced General Aviation engines in the 1990's and beyond by air frame manufacturers. The path is then related to efforts currently in progress toward specific applications, by Deere and Co. and AVCO Lycoming. Related DOD military oriented programs are reviewed. Further, the need for the engine, and its place relative to competitive engines and future planning in the general aviation arena, from a current aviation engine manufacturer's fiewpoint is presented. Supportive research work by NASA, toward a significantly higher technology regime which can serve to re-vitalize the General Aviation field with energy efficient, lower cost aircraft is examined. Related DOD military oriented programs are reviewed.
BACKGROUND
During the past ten years concentrated efforts have been applied in basic research and development of the stratified charge version of the rotary engine. The driving force behind this work was a recognition that regardless of size, weight and power density attributes of the rotary engine, operation on diesel or jet fuels was a requirement for military applications. Further, with the majority of military and commercial applications leaning toward improved fuel economy and reduced exhaust emissions, the stratified charge approach offered diesel range fuel consumption with low emissions levels. With successful demonstration of the stratified charge rotary engine concept in independent research and development work at Curtiss Wright Corporation, interest by government and military agencies increased rapidly toward specific application needs.
USMC INTEREST
The primary interests were by the United States Marine Corps relative to high power density engines for amphibious vehicle application and by NASA Lewis Research Center relative to advanced aviation engines. Subsequent activities resulted in USMC selection of the engine (over diesel and turbine candidates) as the prime powerplant for the LVA (Landing Vehicle Assault) Program during the late 1970's time frame. This application required two engines in each vehicle at 938-1125 kW (1250-1500 HP) per engine. The vehicle total power was related to the high water-mode speed requirement in a planing hull. The engine designed and tested for that application was the RC4-350, four rotors of 5.8 liters (350 cu. in.) displacement each. Fig. 1 .
The 4-rotor engine was designed as 2 twin-rotor modules coupled together. This approach allowed replacement of either the forward or aft section separately.In this design each 2-rotor engine section is separately balanced with two counter-weights, one at each end of the crankshaft.The two halves are torsionally connected by a large diameter gear-tooth type coupling.The rotary, unlike a reciprocating engine,can be dynamically balanced with one or more rotors. Therefore, the coupled module size could consist of any number of rotors. However,a 2-rotor basic module appears optimum, since single rotor modules would require heavier balanceweights, and the total number of main bearings and torque-transmitting couplings required would increase. Beyond 2 rotors,a split timing gear or a composite crankshaft would be required for assembly.The module approach is a compromise in that the additional balancing, housing and coupling requirements all exact a price in size and weight as compared to a single shaft rotary engine. However, with the basic high power density of the rotary, the module approach remains competitive and has logistic advantages in larger engine applications. Prior to the transition to the RC2-350 LVT (X) Advanced Development program, the RC4-350 LVA engine program had successfully met its contract performance milestones on both the single-chamber RC1-350 rig engine and the 4-rotor RC4-350 full-scale engine. Further details, including results achieved on the second contract phase which emphasized the 2-rotor engine (RC2-350), are covered in reference 1. Figure 4 . Performance for the RC2-32 is presented in Figure 5 , The research rig was designed for explorations to power, BMEP and speed levels above and beyond those required for the highly advanced aircraft engine projections. The intent was to provide a work unit capable of plotting data trends up to and above actual engine maximum design point conditions. This permits the evaluation of component technologies throughout the advanced and highly advanced regimes without mechanical or thermal restriction in the base rig engine. Table 1 compares the research rig engine design parameters relative to those same parameters necessary to achieve the highly advanced aircraft engine performance in a 2 rotor, 240 kW (320 HP) take-off power general aviation engine. 1007R RESEARCH RIG COMPONENTS Figure 8 defines the overall aircraft engine package for a 2 rotor general aviation engine with a full complement of accessories.
The 2 rotor power section is integrated into the complete aircraft engine configuration by the addition of a reduction gear and prop shaft at one end and the turbocharger-intercooler equipment at the opposite end with accessories placed at selected positions at either end. The resultant package is one of minimum frontal area (approximately 419 x419 mm, 16.5 x 16.5 in.). This is a dry sump arrangement and would require airframe mounting of the oil tank. Also, cooling equipment for coolant and oil are not shown here. These components, including the weight of the liquids, were included in the configurations studied by NASA, Cessna and Beech in the studies previously referred to in this paper wherein the rotary, turbine, reciprocating S.I. and C.I. engines were compared on a common basis. BASIC STRATIFIED CHARGE TECHNOLOGY An inherent compatibility exists for the rotary engine and unthrottled, direct chamber injection stratified charge combustion since with rotation of the triangular shaped rotor, all of the air for a given lobe on the rotor passes by the top dead center zone, adjacent to the trochoid minor axis when traversing from compression to the expansion portions of the cycle, Figure  9 .
By location of a direct injection, high pressure injection nozzle in this zone, and in close proximity to a spark pr g, a locally rich fuel-air mixture region can be generated and spark ignited. Overall fuel-air mixture, while too lean for spark ignition, can be ignited by the initiation of combustion in the locally rig zone. Octane and Cetane sensitivities are not present and a variety of fuels (i.e. diesel, JP, gasoline and others) can be accomodated.
Early versions of the stratified charge rotary engine utilized a single fuel injector in each rotor. This led to limitations in full speed and load range operation since large variations in fuel flow through the light-off zone were required in responding to load demand. Operation at selected conditions could be optimized, however, at the compromise of other conditions. A significant breakthrough in achieving full load range and full speed range operation, including starting, idling, efficient part load and full load operation and cold starting occurred during the mid 1970's period with successful testing of a dual injector configuration, Figure 10 . This patented configuration, Reference 11, permitted consistent light-off over the full operational range by maintaining the volume of fuel per stroke through the pilot nozzle at a constant level, optimized for spark ignition. Since the mm3/stroke were held constant, conditions in the light-off zone were essentially constant regardless of speed and power changes. Large variations of fuel flow through the main injector, separated from the pilot injector/light-off zone and varying widely as a function of load demand had no effect upon the light-off action.
BASIC GEOMETRY AND OPERATING CYCLE STRATIFIED CHARGE ROTARY ENGINE
The turbocharged rotary engine uses a rotor with three combustion faces. These faces (which are equivalent to pistons in a reciprocating engine) provide for a power impulse (stroke) during each crank revolution. The rotor fits closely around the crank eccentric, but turns at V, of its speed. Producing rotary motion directly eliminates all those parts needed in a reciprocating engine to convert the up and down motion to rotary motion.
The cutaway drawings (shown at right) demonstrate a typical rotary cycle. (For this explanation, we will follow only one of the three rotor faces.)
1. The operation begins when the APEX seal uncovers the intake port and unthrottled air from the turbocharger compressor enters into the combustion chamber.
2. Air continues to enter the chamber until the trailing APEX seal closes the port. Air is compressed as the rotor continues its rotation.
3. As the air is compressed to its minimum volume the pilot fuel charge is ignited.
4. Combustion is stratified. This is controlled by the main injector and air motion resulting from a specially designed rotor pocket. The power stroke is completed when the exhaust port is uncovered. Further development work, examined variations in the nozzle positions and arrival at the current configuration, used in the 5.8 liter (350 cu.in .) USMC/USN efforts, and 0.7 liter (40 cu.in .) NASA efforts, as depicted in Figure 11 , having the pilot located after top center. The sequences of ignition, pilot injection and main injection are presented in Figure  12 . As can be noted the ignition is initiated prior to start of pilot injection, is overlapped by a portion of the pilot injection duration which in turn is overlapped by main injection. Timing and variation in durations can easily be acomodated in conventional control systems.
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MAIN CRANK ANGLE DEGREES
Figure 12
GENERAL AVIATION ENGINE NEEDS Aircraft and aircraft engine manufacturers have been faced with a significantly depressed general aviation industry for several years related to the high initial costs of engines having the ability to burn Jet-A fuel. With an increasing shortage and/or distribution problem for AVGAS, limitations have occurred in the usage of conventional piston engines in many regions of the world. High costs for turbine engines have continued to restrict the availability of Jet-A capability in many general aviation markets. A need for new technology exists for the re-vitalization of the industry through lower cost, reliable engines having the Jet-A fuel usage capability. NASA has recognized this need and has conducted a series of studies including engine design competitions, alternative fuels conferences, contractor and in-house research and development in addressing the problem.
New technology needs for the general aviation industry are summarized in Figure 13 . New engines reported to be under development in the 60 kW to 450 kW (80-600 HP) range are listed in Figure 15 .
NEW TECHNOLOGY ENGINE NEEDS FOR GENERAL AVIATION
A summary of general aviation engines in production and in development is presented in Figure 16 .
The general aviation market needs by segment are identified in Figure 17 . New technology is required in the 188 kW to 450 kW (250-600 HP) regime.
An examination of new technology needs and capabilities for piston, turbine, diesel and rotary engines for a specific power level, i.e. 225 kW (300 hP). A rating of capability, or potential capability, for each of these candidate engines is presented in Table 2 . The stratified charge rotary engine appears to offer maximum potential.
Identification of the stratified charge rotary engine as a strong candidate fulfilling the new engine technology needs for the general aviation industry can be summarized as presented in Figure 18 .
ENGINES UNDER DEVELOPMENT FOR GENERAL AVIATION
• 
GENERAL AVIATION MARKET NEEDS BY SEGMENT
Consideration of basic features for the liquid cooled stratified charge rotary engine in the aircraft installation and operational areas, results in significant advantages over existing or candidate new technology engines. Figure 19 summarizes operational, airframe and other advantages recognized by NASA, Cessna, Beech and the majority of current aircraft engine manufacturers.
The preceeding analysis reflecting upon the rationale for pursuit of the stratified charge rotary engine for general aviation can be extended to a variety of applications in fixed wing and rotary wing aircraft as well as auxiliary power units, airborne and ground. Any initial weight and/or size penalties vs. the turbine offerings are generally quickly offset by the diesel-range part load fuel consumption characteristics for the stratified charge rotary engine during a mission.
ADVANTAGES RECOGNIZED BY NASA, CESSNA, BEECH AND MOST COMPETITIVE AIRCRAFT ENGINE BUILDERS
OPERATIONAL
MULTI-FUEL CAPABILITY LOW FUEL CONSUMPTION MORE RAPID FLIGHT DESCENTS PERMISSIBLE (LIQUID COOLING) LOW VIBRATION (FULLY BALANCED) SUPERIOR LOW TEMPERATURE STARTING CAPABILITY (.36 °C/-32 °F DEMONSTRATED) IMPROVED RELIABILITY DUE TO FEWER PARTS LOW NOISE LEVEL SAFER CABIN HEAT
AIRFRAME
LOW DRAG (SMALL FRONTAL AREA) LOW ENGINE WEIGHT REDUCED COOLING AIR DRAG COOLANT COOLERS CAN BE WING DE-ICING
OTHER
SIMPLE/MAINTAINABLE -NO VALVES OR CAMS FAMILIES OF ENGINES RETROFITABLE LOW EXHAUST EMISSIONS PROVEN PRODUCIBILITY
• ALTITUDE PERFORMANCE AT 6,000M • (AT 20,000 FT.) A joint development program has been defined and was initiated in July 1985 toward FAA Certification and production in early 1990 of a 300 kW (400 HP) twin rotor general aviation engine. A basic preliminary specification for the engine is presented in Figure 20 . The designation 2034R is JDTI's designation for 2 rotors of 3. The schedule for the joint program is provided in Figure 21 203AR AIRCRAFT ENGINE PROGRAM AVCO/DEERE FIGURE 23 presents a schematic for the advanced electronic fuel injection system under procurement. This system offers the high speed capability essential to highly advanced stratified charge rotary engine operation, with high pressure, clean start and stop of injection. The system was selected after an extensive evaluation of four possible candidate advanced fuel injection systems.
ADVANCED ELECTRONIC FUEL INJECTION SYSTEM
NASA EFFORTS
The technologies that NASA is currently pursuing involve both in-house research efforts and contractual efforts in the forms of industry contracts and college grants.
The major in-house efforts are aimed at obtaining a better understanding of the flow processes that occur during combustion and how to improve upon it. The in-house research is centered around the development of techniques to study the combustion process utilizing a Laser Doppler Velocimeter (LDV) in conjunction with a Holographic Optical
System. This nonintrusive technique is almost mandatory so that the flow fields within the engine are not disturbed when point measurements are being obtained. To accomplish these measurements, a single-rotor rotary engine has been modified by incorporating quartz windows into the end housings to permit the beams from the LDV to pass through.
Additional studies being carried out in the area of the internal flow processes include the development of a thermodynamic model of the rotary combustion engine to study and predict engine performance, emissions and fuel economy, and a two-dimensional code to study the fluid flow, heat transfer and combustion processes for the stratified charge rotary engine. After verification of the codes, based on engine data, a three-dimensional code, based on the two-dimensional code, will be developed.
It was also recognized during the early studies that new materials, both lightweight for housing and rotor construction and/or ceramic components for quasi-adiabatic operation would provide further improvements in performance of the stratified charge rotary engine. To address these technologies, several analytical studies have been initiated under contract. One of the studies involves the development of a computational model which can accurately predict the trochoid housing's deformation and stress fields at the higher temperatures and pressures expected of the highly advanced stratified charge rotary engine. Two additional studies that have been pursued involve a fully three-dimensional finite element model of a composite rotor considering steady state thermal, pressure and inertia fields and a composite trochoid housing design consisting of an inner envelope of monolithic ceramics, or other suitable material, with a reinforcing ring on the outside to carry the hoop stress. The rotor is based on a monolithic outer shell of zirconia with metal inserts to acomodate the internal gear and crankshaft bearing. The trochoid housing is being designed for minimum weight and capable of carrying peak tensile loads with considerations for cooling of the inner envelope and/or the reinforcing ring.
Another materials program currently in progress involves the development of a lightweight graphite reinforced magnesium (Gr/Mg) composite material for all housing components. The effort at this time is directed at producing a commercial quality rotor housing. The effort also consists of generating a data base of material properties; using these properties and the component performance requirements to establish material design (fiber orientation and content); improving the casting technology so that Gr/Mg castings are equal in quality to conventional castings; and demonstrating the fabrication of the optimized rotor housing. CONCLUSIONS 1. Extensive research over the past five years by a number of independent organizations, with a variety of interests, has clearly identified the Stratified Charge Rotary Engine as a prime candidate for the General Aviation field.
2.
Supporting technologies by various organizations including private enterprise, the scientific-academic community, DOD military and other government organizations have expanded the field of interest and basic capability extensively. Specific areas of investigation and development for near term and longer term growth technologies have been identified and are underway. A program is in progress toward early 1990 production of a 300 kW (400 HP) general aviation engine.
3. The general aviation community including airframe manufacturers, aircraft owners, pilots and operational personnel can look forward to the near term availability of a lower cost, reliable, Jet-A fueled engine as an alternative to turbines in a variety of applications.
